Although rotary engines can potentially be used as hydrogen fuel engines, the contact condition between the casing and the apex seal on the triangular rotor impacts sealing performance, which then directly affects leakage problems. In this paper, therefore, a rotary engine's internal gas flow characteristics are investigated by using the CFD package FLUENT to construct a fluid analysis model. For comparative convenience, assuming that the simulated gas is air, and then, using a set circular radius outside the casing, analyze three different cases with various geometric design parameters (the K factor) and their effects on the internal pressure, streamlining, and leakage. The results indicate that the K factor design produces different rotor profiles with different working chamber volumes: the lower the K factor, the larger the working chamber volume. Nevertheless, although this design can improve the combustion and compression efficiencies, it may lead to increased internal pressure variation and raised pressure. In addition, when the clearance is small, it may result in a larger leakage problem, negatively affecting rotary engine performance.
Introduction
The Wankel engine, commonly called a rotary engine, is a type of internal combustion engine that instead of using reciprocating pistons uses an eccentric rotary design to convert pressure into a rotating motion. In addition to apex seals, an eccentric shaft, and sun gears, the rotary engine consists of two important parts: a specially designed chamber and a triangular rotor. The movement of this latter is such that its tips are always in contact with the chamber walls so that at any instant, the chamber is divided into three regions. Each of these three areas houses a different part of the combustion process, so that each of the rotary engine's four different jobs -intake, compression, combustion, and exhaust -occurs in its own section of the housing. It is thus equivalent to having a dedicated cylinder for each of the four jobs, with the piston moving continually from one to the next.
The relevant research on rotary drives includes an early study of trochoid envelopes, which outlined a planetary motion that can be applied in engines or pumps (Colbourne, 1974) . A more recent paper proposed a very general mathematical relation for a generating arc traveling on a hypotrochoidal path and then compared the flow rate and pocket displacement (Beard, Hall, & Soedel, 1991) . Subsequent work then developed kinematic equations and performed a dynamic force analysis of the apex seal on the rotary drive (Beard & Pennock, 1997) . Other kinematic analyses of the epicycloidal and hypocycloidal mechanisms for a rotary engine identified differences in their compression ratios and transmission angle and the influence of flowrate irregularity, compression ratio, and pressure angle using various geometric design parameters (Bonandrini, Mimmi, & Rottenbacher, 2009) . Recently, a new method for deriving the deviation function was developed for designing a rotary engine with apex seal profiles that can be arc or non-arc curves (Rose & Yang, 2013 .
For the use of hydrogen fuel in the Wankel engine, related studies can be traced back to Mazda in the 1990s, since when several drawbacks of hydrogen engines have been identified (Salanki & Wallace James, 1996) . A very recent study, however, shows that adding hydrogen to gasoline can improve both thermal efficiency and power output (Amrouche et al., 2014) , meaning that the rotary engine has the potential to be a "green" hydrogen fuel engine. Nevertheless, if this goal is to be realized, many problems remain to be solved, including the rotary engine's combustion efficiency and the strength and sealing properties of its rotor. It is for this reason that the rotary engine is not currently prevalent in industry.
Because the key to the rotary engine's performance is geometric design, in this paper, we investigate the flow characteristics of various geometric designs for the rotary engine by developing a fluid analysis model of a triangular rotary engine. The following sections outline the mathematical model of the casing profile and triangular rotor and then discuss fluid modeling and the flow characteristics inside the rotary engine.
Mathematical Model of the Rotary Engine Geometry
The theoretical curve of the rotary engine housing is most commonly epitrochoidal, as shown in Figure 1 . Assuming that the rolling circle Σ r with radius ρ r follows another fixed circle Σ b with radius ρ b rolling by an internal tangent, then when ρ r >ρ b , ρ r =1.5ρ b , and α=3β, the housing curve is formed by the movement trajectory of point p. 
Here, c is the eccentric distance, K is defined as l/c. x 1 and y 1 are the coordinate positions of p, α is the revolution angle of the rolling circle Σ r around the fixed circle Σ b , and β is the revolution angle of the rolling circle Σ r around the its own axis.
Based on the operational principle of the rotary engine, the apexes of the triangular rotor should always stay in contact with the housing, and the triangular rotor and housing should never collide during operation. Hence, to obtain the triangular rotor profile, circle Σ r should be fixed (see Figure 1) . Specifically, circle Σ b rotates along circle Σ r and then forms a series of housing curves with circle Σ b . The inner envelope of the housing curves is the triangular rotor profile. According to the condition of a common tangent on the geometrical contact point, the equation of the triangular rotor curve can be derived as follows:
[ ] The contact point can then be obtained by considering
and then 2 1 sin sin ( 3 ) sin ( 3 ) 
An actual rotary engine structure, however, contains apex seals whose arc radius is e and whose center is the peak of the triangular rotor. Hence, the actual housing profile must be offset outward by distance e, as represented by
x n e y n e 
The actual rotor profile equation can then be expressed as x n e y n e
( 1 3 ) 
For comparative convenience, when assessing the various rotor and housing profile designs and their effects on a rotary engine's flow characteristics, we assume a set circular radius outside the casing of 92.75 mm. Table 1 shows the design parameters for the three cases, including the three K factors used to explain inter-design differences. Figure 2 shows the design results for the rotary engine: when the K factor is small, the working chamber volume between the casing and the triangle rotor is large. 
Fluid Analysis and Discussion

Governing Equations
The CFD (Computational Fluid Dynamics) package FLUENT used in this study solves conservation equations of mass and momentum using a finite volume approach. The continuity equation can be expressed as
The momentum equation is then
where p is the static pressure, τ% is the stress tensor, and g ρ r and f r are the gravitational body force and surface forces, respectively. Turbulence is accounted for using a standard k-ε two-equation model, chosen because its convergence is better than any other model type with no appreciable difference in flow structure:
Here, k G represents the generation of turbulent kinetic energy due to the mean velocity gradients, b G is the generation of turbulent kinetic energy due to buoyancy, and m y represents the contribution of the fluctuating dilatation in compressible turbulent flow to the overall dissipation rate. 1 C ε , 2 C ε , and 3 C ε are constants, k σ and ε σ are the turbulent Prandtl numbers for k and ε, respectively, and k S and S ε are user-defined source terms.
Assumptions and Boundary Conditions
For simulative convenience, the fluid used in this research is air (density is 1.293 kg/m 3 and viscosity is 1.81E-05 kg/m-s). The fluid analysis also makes the following important assumptions:
(1) The fluid is analyzed using a turbulent model (k-ε model).
(2) Flow is unsteady, compressible and turbulent. During operation, the effect on the rotary engine of imbalance gas pressure and rotation inertia or centrifugal force changes the contact force on the apex seal causing it to move, which leaves a tiny clearance between the apex seal and the housing surface that can lead to leakage problems. Hence, for simulative convenience, we assume a set clearance of 0.15 mm in each case and then compare the leakage condition in various designs.
Grid Generation
Taking the case of K=6 as an example, the fluid model of the rotary engine is in 2D and has four regions: the inlet, outlet, rotor, and casing. The rotor's swaying motion, which changes the volumetric displacement between rotor and casing, can be discretized using an unstructured grid (e.g., triangular cell) generated by the FLUENT GAMBIT package. The resulting mesh in the case of K=6 is shown in Figure 3 . This simulation includes 6 simulation cycles of the rotation shaft with a total of 20,000 steps, each counted as 1E-05 sec. In the dynamic grid model, the internal pressure in the interval 0.01~0.05s is calculated as in Figure 4 . As Figure 4 (a) shows, the volume is largest on the right side, with the apex seal separated from the inlet, which is ready for compression. In Figure 4 (b), the volume is lessening and starting to compress, and the internal pressure rises to about 7 atmospheric pressures. Based on the calculation mode used in this paper, the grid information for the three cases is as shown in Table 2 . 
CFD Results and Discussion
The working chamber volume of the rotary engine affects both compression efficiency and the fluid flow characteristics. For example, when K equals 6, Case 3 has the largest volume, followed by Case 2 and then Case 1. Setting particular survey points in the three cases (see Figure 5 ) throws more light on the effect of different rotary engine geometric designs on the internal flow field, particularly flow variations and leakage in the rotor. The CFD results reported here are based on one revolution of the triangular rotor. Because the survey points are covered during rotor operation, their pressure curves may be subject to a discontinuous phenomenon that leads to missing data. Even so, it is still possible to calculate most pressure values and analyze the differences. The pressure results for points 1 and 2 (see Figure 6 ) show no obvious differences among the three cases. Hence, near the inlet and outlet port, the rotor profile design has no obvious influence. Entering the compression area at point 3, however, there is a significant rise in pressure as the pressure curve changes with variation in the working chamber volume (Figure 7) . The larger the change in volume, the greater the pressure variation, with the largest change occurring in Case 3 (Figure 7(a) ). Nearing the compression area at point 4, the larger working chamber volume produces more obvious compression and an increased pressure (Figure 7(b) ). At point 5, which is located in the position of being ready to leave the compression, all three cases have significant depression (Figure 7(c) ). Vol. 5, No. 1; 2015 No matter the case, from point 3 to point 5, the pressure increases during compression but at the moment of leaving the compression area, all pressure lowers, even the larger negative pressure. During the process, Case 3 has the largest positive and negative pressure peaks, so when K is small, it has a larger working chamber volume. Overall, the rotary engine produces large volume changes during operation, which enlarges internal pressure differences and leads to better compression efficiency. Nevertheless, there may also be larger pressure fluctuation, which could lower engine stability and affect power performance. Vol. 5, No. 1; 2015 As regards variation in the inlet and outlet pressures, it is affected by changes in the working chamber volume, which is at its largest as gas moves into the chamber from the inlet. After that, the inlet pressure decreases because of the K factor: the smaller the K factor, the larger the working chamber volume, meaning a large pressure drop in the inlet port. The magnitude of this pressure fluctuation in the inlet port ranks as follows (see Figure 8 ): Case 3 > Case 2 > Case 1. Changes in the working chamber volume during operation also affect the outlet pressure in the low pressure area, resulting in pressure drops and fluctuations in certain positions. A comparison of the outlet pressure fluctuations among the three cases, however, shows no significant differences. The results for the inlet and outlet ports suggest that the K value is a key factor for the inlet port, one that causes large fluctuations in the inlet pressure. Specifically, the smaller the K value, the greater the fluctuation. Streamlining of the three cases also reveals that when gas enters the inlet port, a vertex occurs between the casing and rotor (see Figure 10 ). These turbulence flows are also likely to affect the rotary engine's leakage level. Vol. 5, No. 1; 2015 Assuming the existence of a tiny clearance between the casing and apex seal, the leakage situation is represented by streamlining the flow velocity of all three cases (see Figure 11 ), which demonstrates that fluid flows from the high pressure area to the low pressure area. Figure 11 (a) illustrates the situation in Case 1, in which the leakage position is concentrated in the clearance, with a flow velocity up to 189 m/s compared to 218 m/s in Case 2 (Fig,  11(b) ). The most severe leakage occurs in Case 3 (Figure 11 (c)), with a flow velocity of up to 293 m/s. These observations indicate that when internal pressure rises, the leakage level increases: the highest internal pressure in Case 3 results in both the largest pressure difference and the greatest leakage magnitude. The analysis thus clearly demonstrates that the design of the rotary engine profile directly affects leakage during engine operation and has a significant effect on engine performance. 
Conclusions
This study analyzes the effects on rotary engine flow characteristics of different design parameters; here, three variations in the curve (K) factor. Within the three different curve designs, a larger working chamber volume and higher compression efficiency with a lower K factor leads to higher leakage, larger internal pressure fluctuation, and unstable inlet pressure. Conversely, a high K factor produces low leakage, small internal pressure fluctuation, and stable inlet pressure, indicating a greater design advantage. Hence, when designing a rotary engine, designers must consider the interactions between profile curves and fluid flow characteristics. This paper can serve as a useful reference for such consideration.
